ABSTRACT: Generation times were determined in vitro with a pure culture of Epidinium caudatum and a mixed culture of Epidinium caudatum and Entodinium caudatum. Measurement of logarithmic growth from a small inoculum for Epidinium caudatum alone, or in coculture, resulted in generation times of 30.8 and 19.5 h, respectively. Epidinium concentrations, either alone or in coculture, were maintained when cultures were transferred every 12 h; however, concentrations decreased rapidly with transfers at 4, 6, or 8 h. For Entodinium caudatum, a generation time of 16.3 h was obtained from measurement of logarithmic growth. Based on sequential transfer data at varying time intervals, Epidinium caudatum and Entodinium caudatum seem to be capable of doubling in approximately 12 to 13 h. These values are markedly less than those previously reported and help explain the ability of these protozoa to maintain themselves in the rumen.
Introduction
An intriguing question for rumen microbiologists is why the ciliate protozoa do not wash out of the rumen, based on their apparently long generation times. Coleman (1979) determined the mean generation times for eight species of rumen entodiniomorph protozoa, based on logarithmic growth in vitro. Times ranged from 6 h for Entodinium bursa to 38 h for E. simplex. In vivo estimates of generation time for mixed entodinia, ranged from 5.5 to 58 h at various times after feeding (Warner, 1962) . Potter and Dehority (1973) reported generation times ranging from 13.5 to 37.3 h in sheep, estimated from the increase in concentration of total protozoa in vivo between 5 and 20 h after feeding. More recently, Williams and Withers (1993) estimated a generation time of 9 to 10 h for mixed entodinia during the initial stages of refaunation in sheep. Hungate (1942 Hungate ( , 1950 calculated that for an organism to survive in a continuous feeding system, its generation time must be equal to or less than .69 times the turnover time. However, turnover rates in the rumen vary between the solid and liquid fractions, and it is not clear which fraction best estimates protozoal turnover. If protozoa pass with the solids that have turnover times ranging between 30 and 60 h (Hungate, 1966; Church, 1976; Owens and Goetsch, 1988) , they would not be readily washed out. However, Hungate et al. (1971) estimated that approximately 80% of the protozoa move with the liquid fraction, which has a turnover time between 10 and 16 h.
Inability to culture Ostracodinium gracile from a small inoculum resulted in using the procedure of transferring 50% of the culture at varying time intervals to approximate generation time (unpublished data) . The present study was undertaken to evaluate the technique of estimating generation times for rumen protozoa in vitro by transferring at various time intervals. Generation times for the two species chosen for this study have been measured using logarithmic growth curves (Coleman et al., 1972; Coleman, 1979) .
Materials and Methods

Protozoa
Ruminal fluid from a steer fed alfalfa was diluted anaerobically in the anaerobic dilution solution of Bryant and Burkey (1953) . Dilution tubes were held in a 39°C water bath and subsamples were placed as droplets on a glass slide for isolation of protozoa under the microscope. Individual cells were drawn from the droplet into a capillary pipette, and the pipette was checked for the presence and identification of the cell before transferring to a culture tube. Culture tubes were inoculated with one, two, or three cells.
Media
All media were prepared using the anaerobic culture techniques described by Hungate (1950) and modified by Dehority (1969) . Two protozoal media were used, medium M and medium SP. Composition of these media is given in Table 1 . All of the ingredients except cysteine were added and the medium was gassed with CO 2 for 15 to 20 min. If required, pH was adjusted to 6.6 to 6.8 with NaOH or HCl. Cysteine was then added anaerobically and the medium tubed under CO 2 in 5.0-and 10.0-mL aliquots into 16-× 150-mm culture tubes. The tubes were closed with rubber stoppers, placed in a clamp type rack, and autoclaved for 20 min at 121°C.
Substrate for the cultures was a suspension containing 1.5% ground wheat and 1.0% ground orchardgrass (both ground to pass through a 40-mesh screen) in distilled water. The suspension was gassed with O 2 -free CO 2 for 15 to 20 min, and 3.0-mL aliquots were tubed anaerobically into 16-× 150-mm tubes with rubber stoppers. The tubes were stored in a freezer and thawed just before use.
Procedures
The individual protozoa were placed in a 16-× 150-mm culture tube containing 10 mL of medium and .1 mL of substrate suspension. The tube was closed anaerobically and incubated at an angle of 10°in a 39°C incubator. Daily, except as noted in several transfer schedules, each tube was opened anaerobically, and .1 mL of substrate suspension was added.
Tubes were viewed under a dissecting microscope to monitor establishment and growth of protozoal cultures. Cultures were routinely maintained by transferring twice a week. Using a wide-mouth pipette, 5 mL of the culture was transferred into a tube containing 5 mL of fresh medium plus .1 mL of substrate suspension.
For the growth curves, 1 mL of inoculum was added to 19 mL of medium (5%). Each day, a volume of substrate equal to 1% of the total culture volume was added, and 2.5 mL of the culture was removed for counting.
Counting
After the 5 mL for transfer was removed from the culture, a volume equivalent to the total volume of substrate added was also removed; the volume removed varied with the transfer schedule. Five milliliters of 50% formalin (18.5% formaldehyde) was then added to preserve the protozoa for counting. The preserved sample was quantitatively transferred with the aid of distilled water to a 15-mL conical plastic centrifuge tube (graduated with a screw cap) and diluted to a final volume of 11.5 mL. The sample was centrifuged at 500 × g for 5 min, and 11 mL of clear supernatant was drawn off with suction. Two drops of brilliant green dye ( 2 g of brilliant green and 2 mL of glacial acetic acid, diluted to 100 mL with distilled water) were added, and the tubes were closed and allowed to stand for 4 h or longer. Samples were then diluted to a final volume of 2.5 mL or 4.0 mL with 30% glycerol, depending on the anticipated concentration of protozoa. Protozoa were counted using the procedures previously described by Dehority (1984) . Briefly, in this procedure, the diluted sample was pipetted into a Sedgewick-Rafter counting chamber (Thomas Scientific, no. 9851 C20, Swedesboro, NJ). The chamber measures 20 × 50 × 1 mm. Using a magnification of 100×, with a .5-mm square grid in the microscope eyepiece and a calibrated stage, organisms in 50 grids, evenly spaced over the entire chamber, were counted twice, with the chamber rotated 180°between counts. For samples with very low numbers, 100 grids were counted in each direction.
In the coculture, the two species were readily distinguished from each other by differences in morphology and size (Williams and Coleman, 1992; Dehority, 1993) . These differences were readily visible at 100× magnification.
Statistical Analysis
Data were analyzed with the t-test, Wilcoxon signed-rank test, and paired t-test (MINITAB, 1991). 
Results and Discussion
Using the previously described procedures, two protozoal cultures were successfully established. The first was established from two cells of Epidinium caudatum. The second was established from two cells of Epidinium caudatum and a single cell of Entodinium caudatum that had been inadvertently drawn into the capillary pipette and observed during the transfer to a culture tube. Based on some preliminary studies, medium SP seemed to favor growth of Entodinium caudatum, and Epidinium caudatum grew better on medium M. Thus the two cultures were carried on different media: Epidinium caudatum alone on medium M and the coculture on medium SP.
Growth curves for Epidinium in pure and coculture are shown in Figure 1a . In pure culture, the shortest generation time was 13.3 h, between 24 and 48 h. However, over the entire period from 24 to 120 h, the generation time was 30.8 h. The 0 to 24 h period was omitted because no apparent growth occurred and probably represents a lag phase or period of adaptation. For Epidinium in the coculture, the shortest generation time was 18.5 h between 72 and 96 h. When calculated between 0 and 96 h, the generation time increased only slightly to 19.5 h. Epidinium concentration decreased between 96 and 120 h; thus, this time period was not included in the calculation. This may have occurred as a result of end product accumulation, because Entodinium concentration was also maximum at that time (Figure 1b) . No obvious lag occurred in the coculture. Using the shortest generation time from each curve (13.3 h and 18.5 h), determined over a 24-h period when the organisms seemed to be in an exponential growth phase, a mean value of 15.9 h was obtained for Epidinium caudatum. This is considerably faster than the 26-h generation time reported by Coleman et al. (1972) for this species, which they also estimated using logarithmic growth from a small inoculum. However, averaging the two generation times calculated over the 24 to 120 h and 0 to 96 h (i.e., 30.8 h and 19.5 h ) gives a value of 25.2 h, close to the 26 h previously reported by Coleman et al. (1972) .
In Figure 2 , concentrations of Epidinium are reported for cultures transferred every 1, 2, or 3 d. The concentration on d 0 represents the starting concentration and each point is the concentration when the culture was transferred. At each transfer, the concentrations would be halved, and concentrations at the next transfer thus represent growth during the time interval. Although numbers are lower in the coculture and lower the more frequent the transfer interval, Epidinium clearly seems to maintain itself in cultures transferred daily. Figure 3 presents similar curves for cultures transferred every 4, 6, 8, or 12 h. Again, concentrations are lower in the coculture and lower with shorter transfer intervals. It is obvious that Epidinium cannot divide fast enough to maintain its concentrations in cultures transferred at 4, 6, or 8 h. In contrast, concentrations seemed to be fairly stable when cultures were transferred every 12 h.
One of the problems in culturing ruminal protozoa is the prevention of bacterial overgrowth, which in turn lowers the culture pH and inhibits protozoal growth. To prevent this, only a small amount of feed is added daily. Also, using an insoluble substrate allows the protozoa to ingest the particulate matter and further limit the energy available to the bacteria. As mentioned earlier, the normal feeding level for the cultures was .1 mL of substrate suspension per day; however, as the time between transfers was decreased, the level and frequency of feeding became of concern. When cultures were transferred every 12 h, .075 mL of substrate was added at each transfer. The level of feed was reduced to .05 mL at each transfer with the 8-h schedule. However, because the concentrations of Epidinium in pure culture seemed to be decreasing in the 8-h transfer schedule (as estimated by viewing under the dissecting microscope), the feeding level was increased to .1 mL at each transfer beginning at 64 h (eighth transfer). This point is noted by the arrowheads in Figures 3a and 3b . As can be seen, concentration increased as a result of increased feed in the pure culture, and no effect was seen in the coculture. For the 6-h transfer schedule, .075 mL of substrate was added at each transfer. With 4-h transfers, .1 mL of substrates was added at alternate transfers (i.e., every 8 h).
Assuming that the transfer curves are a sequential series of separate growth experiments, the increase in concentration can be used to calculate generation time using the exponential growth equation (Creager et al., 1990) . Table 2 presents the mean generation times for Epidinium in pure culture grown for 4, 6, 8, 12 , and 24 h time periods. Only values up to 64 h were used for the 8-h transfer schedule, to avoid bias from the (Devore and Peck, 1993) . The mean generation times varied between 13 and 82 h; however, the estimated medians ranged only from 9.6 to 25 h. Except for the median from the 24-h growth period, none of the others differed from 12 h. The significant difference for the 24-h growth period might be anticipated on the basis that exponential growth was not maintained over the entire period. The estimated median from 12-h growth curves for Epidinium in coculture substantiates the pure culture data. If the estimated median generation times for the five growth periods that did not differ from 12 h (Table 2 ) are averaged, a mean value of 11.50 ± .51 h is obtained. A growth curve for Entodinium caudatum is shown in Figure 1b . The generation time for this organism was 16.3 h for the period from 0 to 96 h. Coleman (1979) reported a generation time of 23 h for Entodinium caudatum as determined from growth curves. Longer generation times, around 40 h, were calculated from the growth curves for Entodinium caudatum reported by Onodera and Henderson (1980) . Figures 4a and 4b present the data for growth of Entodinium caudatum when the coculture was transferred every 1, 2, or 3 d and every 4, 6, 8, or 12 h, respectively. Concentrations increased or remained stable when the culture interval was 12 h or longer, and transferring every 4, 6, or 8 h resulted in a steady decrease in concentration. Increasing the substrate level at 64 h with the 8-h transfer schedule had no apparent effect.
Mean generation times were also calculated from Entodinium caudatum sequential growth experiments (Table 2) , with values ranging from 14.6 to 109 h. Only the estimated median from the 24-h growth curve differed from 12 h ( P < .003). The 8-h transfer schedule was again only calculated through 64 h because of the increased substrate level after that time. The average median generation time for the 4, 6, 8, and 12 h growth periods is 15.39 ± 1.22 h, which is slightly longer than the estimated median generation time for Epidinium.
Assuming that the protozoa are growing at an exponential rate, with little if any lag phase, it is possible to calculate the theoretical changes in concentration expected from transferring at various time intervals. The exponential growth equation is used for these calculations (Creager et al., 1990 ):
where P o = initial concentration of protozoa, P t = concentration of protozoa at the end of selected time period, and n = number of generations. The number of generations, n, is derived as follows: n = transfer interval (growth period) theoretical generation time Using this equation, the graph shown in Figure 5 was constructed. Similar calculations were made for Epidinium and Entodinium in the coculture. A paired t-test was used to compare the theoretical to the observed concentrations at each transfer time (Table  3) . For Epidinium in pure culture, the observed concentrations for the 12-h sequential transfer schedule were most closely approximated by the theoretical 12.5-h generation time ( P > .41). The transfer curve for Epidinium in coculture was closest to the 11.5-h ( P > .34) and 12-h ( P > .48) theoretical generation times. The generation time for Epidinium caudatum seems to be approximately 12 h, based on the following information: 1 ) Epidinium concentrations, in pure and coculture, remained fairly stable over nine sequential 12-h transfers , Figures 3a and 3b ; 2 ) the median generation time for sequential growth curves was 11.50 ± .51 h, Table 2 ; and 3 ) observed 12-h transfer curves were best approximated from theoretical curves for generation times between 11.5 and 12.5 h, Table 3 . This generation time is almost twice as fast as that estimated by growth curves in the present study and in the study reported by Coleman et al. (1972) .
Calculation of theoretical transfer curves for Entodinium caudatum revealed that only the 13-h generation time curve was not different from the observed ( P > .64). These data are shown in Table 3 . This information, along with the longer median generation times calculated from the sequential growth experiments in Table 2 , suggest that Entodinium caudatum has a slightly longer generation time (i.e., approximately 13 h).
Estimates of protozoal generation time determined by in vitro measurement of logarithmic growth from a small inoculum are probably influenced by an indefinite lag phase. In addition, accumulation of end products with a concomitant lowering of pH, substrate limitation and possible nutrient deficiencies may account for a slowing in exponential growth. The concept of transferring at various time intervals, particularly at an interval close to the organisms' generation time, provides a larger, actively growing inoculum into fresh medium and potential growth at an exponential rate.
It has generally been assumed that ruminal protozoa were able to maintain themselves in the rumen because they were attached to particulate matter, which prevented their passage at the more rapid fluid turnover rates. Even though there is experimental evidence to indicate that Isotrichidae sequester in the rumen (Abe et al., 1981; Dehority and Tirabasso, 1989; Ankrah et al., 1990) , there is little evidence that the entodiniomorphs sequester or attach to particulate matter to any great degree (Hungate et al., 1971; Dehority, 1984; Ankrah et al., 1990) . There is also evidence that considerable lysis of protozoa occurs in the rumen, further contributing to the need for shorter generation times (Leng, 1982 ; Michalowski et al., 1986; Ankrah et al., 1990) . The present results suggest that at least the two species studied have faster generation times than previously determined in vitro and approach the in vivo times reported for total protozoa (Warner, 1962; Potter and Dehority, 1973) .
Assuming that the protozoa move with a fraction of rumen contents that turns over one and a half times a day, then the generation time must be less than 11 h (i.e., 69% of the turnover time; Hungate, 1942 Hungate, , 1966 . Lysis in the rumen could possibly further reduce the required generation time to 8 or 9 h. This generation time seems possible in light of the present data.
Results between the pure culture and coculture suggest that it may be possible to use mixed cultures of ruminal ciliates to obtain estimates of generation times. If a stable mixed culture can be established, varying the transfer interval should reflect differences in generation times between species.
Implications
Generation times of two ruminal protozoal species, Epidinium caudatum and Entodinium caudatum, were considerably shorter than previous estimations. The sequential transfer procedure used in this study may provide an environment more conducive to continuous exponential growth, which mimics ruminal conditions more closely than previous studies using growth from a small inoculum. Results from this study indicate that at least some of the ruminal protozoa have generation times of 12 h or less, which explains how they can be maintained in vivo.
